Abstract-In Cu(In,Ga)Se 2 (CIGS) solar cells, CdS and Zn(O,S) buffer layers were compared with a hybrid buffer layer consisting of thin CdS followed Zn(O,S). We explore the physics of this hybrid layer that combines the standard (Cd) approach with the alternative (Zn) approach in the pursuit to unlock further potential for CIGS technology. CdS buffer development has shown optimal interface properties, whereas Zn(O,S) buffer development has shown increased photocurrent. Although a totally Cd-free solar module is more marketable, the retention of a small amount of Cd can be beneficial to achieve optimum junction properties. As long as the amount of Cd is reduced to less than 0.01% by weight, the presence of Cd does not violate the hazardous substance restrictions of the European Union (EU). We estimate the amount of Cd allowed in the EU for CIGS on both glass and stainless steel substrates, and we show that reducing Cd becomes increasingly important as substrate weights decrease. This hybrid buffer layer had reduced Cd content and a wider space charge region, while achieving equal or better solar cell performance than buffer layers of either CdS or Zn(O,S) alone.
as, or better than, CdS [4] . Developing an efficient and reliable Cd-free buffer layer can reduce large-scale manufacturing costs by eliminating, among others, costs associated with the procurement, handling, and disposal of hazardous materials such as Cd and CdS.
Cd-free and low-Cd CIGS PV technologies are more marketable for long-term investment, partly because of the concerns about the hazards of Cd. For products imported into or manufactured within the European Union (EU), the most recent version of the Restriction of Hazardous Substance (RoHS) Directive [5] restricts the use of cadmium to less than 0.01% by weight in electrical and electronic equipment. While this directive does not currently apply to PV manufacturing or installation, the risk of future restriction undermines any large investment in Cd-dependent PV manufacturing within (or supplying to) EU countries. Any PV products containing more than 0.01% Cd by weight are, thus, not suitable for the EU market. If the RoHS directive were recast to include PV, cadmium telluride-based solar panels, with cadmium in the absorber and buffer layers, would have to carefully limit these thicknesses to be acceptable in the EU. CIGS-based solar panels, however, use cadmium in only the buffer layer and could further reduce the Cd with a buffer layer that is Cd-free or mostly Cd-free.
Zn(O,S) is a good alternative to CdS because it allows for potentially higher current, owing to its larger bandgap. The bandgap for the standard CdS buffer layer is 2.4 eV, which means that a significant fraction of incoming light never reaches the junction. Zn(O,S), as a combination of ZnO and ZnS, has a bandgap closer to 3.8 eV, which allows much more highbandgap light to reach the CIGS absorber. By replacing CdS with Zn(O,S) in the buffer layer, the added current from collecting high-energy photons can increase current density by as much as 2 mA/cm 2 with no modifications to the rest of the device. For a device with 700-mV open-circuit voltage, and 75% fill factor, this increase in current corresponds to a 1.05% absolute increase in efficiency.
Several groups have explored the complete substitution of CdS with Zn(O,S) in CIGS solar cells. Often these fabrication methods require light soaking [6] in order to achieve high efficiency. Other groups have employed alternative transparent conducting oxides (TCOs) such as zinc magnesium oxide [4] , [7] to get better performance. Without these extra steps, the increase in current in CIGS/Zn(O,S) solar cells comes at the expense of lower voltage or fill factor. If these extra steps were scaled up to manufacturing, then there would be an increase in production costs.
Manufacturers of CIGS technology either use CdS or Zn(O,S), and we are not aware of any companies pursuing a hybrid CdS/Zn(O,S) buffer layer. This investigation seeks to combine the champion (CdS) CIGS process with the alternative (Zn(O,S)) process and to explore the physics of solar cells with a hybrid CdS/Zn(O,S) buffer layer. The process we have developed here reduces Cd and gets more light to the junction without sacrificing the quality of junction properties that have been achieved so far and without requiring light soaking to achieve and maintain high efficiency. Furthermore, the focus will be limited to procedures that can readily scale to highvolume manufacturing.
II. EXPERIMENT

A. Solar Cell Preparation
The samples were prepared using the following procedure [8] - [13] . A 3-in by 3-in soda-lime glass substrate was cleaned and prepared for use. The molybdenum back contact was deposited by sputtering, and the CIGS absorber was deposited by three-stage coevaporation. The substrate was then cleaved into eight nominally identical pieces that could be finished with different buffer layers for comparison.
Both CdS and Zn(O,S) were deposited by chemical bath deposition (CBD). The CBD CdS buffer layer was grown in an aqueous solution of 1.5 M ammonium hydroxide (NH 4 OH), 1.2 mM cadmium sulfate (CdSO 4 ), and 59 mM thiourea (CH 4 N 2 S); with samples submerged in a rocking bath for 8 min, the solution was heated from room temperature to 60°C. The CBD Zn(O,S) buffer layer was grown by submerging samples vertically in a slow-stirring bath for 16.5 min in an 80°C preheated aqueous solution of 7.6-M ammonium hydroxide, 160-mM zinc acetate (C 4 H 10 O 6 Zn), and 320-mM thiourea, where the ammonium hydroxide was added just before the samples to initiate the Zn(O,S) reaction. Unless otherwise stated, samples were annealed in air for 10 min at 180°C after CBD Zn(O,S), and samples without Zn(O,S) were not annealed. Samples with a hybrid CdS/Zn(O,S) buffer layer were prepared with 4 min of CBD CdS followed by 16.5 min of CBD Zn(O,S).
Samples with a CdS buffer layer were given a resistive/conductive TCO bilayer that consisted of sputtered intrinsic ZnO followed by sputtered aluminum-doped ZnO (AZO). Zn(O,S) and CdS/Zn(O,S) hybrid devices were given a singlelayer conductive TCO consisting of only sputtered AZO. The front contact was finished with e-beam-evaporated Ni/Al grids. Finished samples had seven devices, defined by photolithographic isolation and with a final area of 0.42 cm 2 . The antireflection coating (ARC) thickness depended on the buffer layer, with the devices getting a magnesium-fluoride (MgF 2 ) ARC of either 1000Å (CdS) or 1150Å (both Zn(O,S) and CdS/Zn(O,S) hybrid).
B. Solar Cell Characterization
For this work, samples were prepared from the same absorber with three buffer layers: CdS, Zn(O,S), and CdS/Zn(O,S) hybrid. To ensure repeatability, two samples were fabricated with each buffer process: CdS, Zn(O,S), hybrid CdS/Zn(O,S) with anneal, and hybrid CdS/Zn(O,S) without anneal. All devices were characterized by internal quantum efficiency (IQE), current density versus voltage (J-V), and capacitance versus voltage (C-V). IQE was calculated from external quantum efficiency (EQE) and reflectance measurements between 300 and 1200 nm, using a monochromatic beam with a full-width half-maximum of 10 nm. J-V was measured with a four-point probe configuration, from -0.5 to +1.0 V, in the dark and under 1-sun illumination with a class A solar simulator, where a calibrated Si solar cell was used to verify the accuracy of the irradiance spectrum. C-V was measured between +0.5 and -1.0 V, in the dark, at 100 kHz, and with a 50-mV ac modulation. This frequency was chosen because capacitance versus frequency measurements conducted at +0.5, 0, and -1 V verified that capacitance near 100 kHz was not changing with changing frequency and confirmed that capacitance and conductance signals had good signal separation.
III. ELECTRICAL RESULTS AND DISCUSSION
A. Internal Quantum Efficiency
EQE and reflection of devices with each buffer layer were measured over a range of wavelengths. After adjusting for reflectance, IQE curves for representative devices with CdS, Zn(O,S), and hybrid CdS/Zn(O,S) buffer layers are shown in Fig. 1 . The absorption of low-wavelength light by CdS is significantly reduced when comparing the CdS device with the hybrid CdS/Zn(O,S) device, which affirms that reducing CdS thickness is beneficial for getting low-wavelength light to the junction. By including a thin layer of CdS at the interface, the hybrid CdS/Zn(O,S) device outperforms the Zn(O,S) device through the middle of the spectrum, corresponding to the maximum irradiance of sunlight.
B. Current Density Versus Voltage
J-V data of solar cellswere analyzed to gain understanding of the performance of these devices. J-V curves for four buffer layer processes are shown in Fig. 2 . For representative devices made with each buffer layer, Table I lists the standard J-V metrics: efficiency (η), open-circuit voltage (V OC ), short-circuit current density (J SC ), and fill factor (FF). By comparing devices with only CdS or Zn(O,S) buffer layers, it is evident that the CdS buffer produced better electrical performance. There are several advantages of CdS over Zn(O,S), such as Cd doping of the interface, lattice match, conduction band offset match, and interface passivation. For the set of samples used in this study, the CBD Zn(O,S) devices were moderate efficiency, but that allowed for demonstration of strong effects with Cd incorporated into the buffer layer. When Cd was involved, in either CdS or CdS/Zn(O,S) buffer layers, the devices were better than Zn(O,S) alone, which suggests that Cd makes the device better. A thin CdS interlayer did not immediately improve the interface, as seen in the dotted curve without anneal in Fig. 2 . With an anneal following the Zn(O,S) deposition, however, the CdS/Zn(O,S) buffer layer formed an optimal p-n junction and produced quite good devices, with equal or better performance than CdS alone.
For all devices, the J-V curves under illumination were analyzed by the standard diode equation [14] , and values were deduced for the diode ideality factor (A) and reverse saturation current density (J 0 ). Previous work in silicon p-n junctions [15] showed that an increase in A from 1 to 2 correlated with an increase in the density of recombination centers in the space charge region (SCR). A reduction of the density of recombination centers lowers the rate of recombination and increases the flow of current. Table I includes values of A and J 0 for representative devices of each buffer process. Ideally, J 0 would be very small, as seen for the CdS and the annealed hybrid CdS/Zn(O,S) devices. Devices with a CdS buffer layer had a relatively small A, which suggests that these devices had a small number of recombination centers. In Zn(O,S) devices, however, A was significantly larger, indicating a higher density of recombination centers. By including a small amount of Cd at the CIGS interface, the diode quality factor in the annealed hybrid CdS/Zn(O,S) devices was decreased to the same level as the CdS devices. These low values for A and J 0 indicate that Cd at the interface improves the p-n junction and decreases the density of recombination centers in the SCR.
C. Capacitance Versus Voltage
Combining the ideal diode analysis with C-V measurements revealed subtle, underlying electrical characteristics of these devices. The device structure was treated as a one-sided abrupt p-n junction with an arbitrary space charge distribution. The depletion width (W d ) was calculated from capacitance [16] and is plotted against bias voltage in Fig. 3 . With a diffusion length approaching 1 μm [17] , charge-collection efficiency within the depletion region is very close to unity [18] , and a larger depletion width corresponds with greater current collection and greater J SC .
In forward bias,the devices with only Zn(O,S) were limited by a narrow depletion region, whereas the devices with only CdS had a significantly wider depletion region. By including a thin CdS interlayer between the CIGS absorber and Zn(O,S) buffer layer, the depletion region was equal or wider than in devices with just a CdS buffer layer. The location of the p-n junction in Zn(O,S) devices is found to be very close to the metallurgical interface [C.-S. Jiang, to be published], so the incorporation of a small amount of CdS between the CIGS and Zn(O,S) had a big effect on the SCR in the device.
These C-V measurements demonstrate that the larger SCR of CdS-only CIGS devices can be achieved with a thin interlayer of CdS at the interface, which is a very important result. Previous work (unpublished) had hinted that CdS was preserving the junction, but these C-V measurements quantify that notion.
IV. NUMERICAL ANALYSIS OF ALLOWED CADMIUM
The data indicate that some Cd is helpful in optimizing the p-n junction in CIGS devices, but the EU market requires the amount of Cd to be less than 0.01% by weight. Therefore, it is useful to estimate how much Cd is allowed before violating the RoHS. (It is important to remind the reader that the RoHS currently does not apply to PV, but for a wise investment in PV manufacturing, one should consider the potential enforcement of the RoHS on PV.) An encapsulated, unframed, 0.6-m by 1.2-m module with CIGS on glass weighs approximately 10 kg [19] , [20] , corresponding to 13.9 kg/m 2 , and would hence be allowed to contain 1.39 g/m 2 Cd (0.01% by weight). Standard CdS has a mass density of 4.826 g/cm 3 , and it follows that the mass density of Cd in CdS is calculated as 4 shows a graph of area (in m 2 ) as a function of weight (in kg), where curves of constant maximum thickness (in nm) are depicted according to (2) .
Following the same calculation procedure as (1) for CdTe solar panels gives a density of Cd in CdTe as ∼2.904 g/cm 3 . For a 0.6-m by 1.2-m module weighing 12 kg [21] , the maximum thickness of the CdTe absorber layer would be ∼496 nm, assuming a 60-nm CdS layer. Solar panels with such a thin CdTe absorber layer would likely need strict processing constraints and higher manufacturing costs to achieve the same quality and efficiency as those with thicker absorber layers.
A 0.6-m by 1.2-m module weighing 10 kg would be allowed a CdS layer up to approximately 370-nm thickness before RoHS is violated. A typical CIGS module on glass has a CdS layer thickness around 100 nm. The dominant weight in an encapsulated module on glass comes from the glass substrate and the front glass.
For flexible, stainless steel substrates, module weight is closer to 2.3 kg/m 2 [22] , which translates to a maximum allowed CdS thickness of 61 nm. A CIGS module on stainless steel with a 100-nm CdS buffer layer exceeds this limit established by the EU's RoHS. As the substrate weight decreases for both rigid and flexible CIGS, the CdS buffer layer becomes a more substantial fraction of the total weight, and its maximum allowed thickness (in the EU market) decreases.
It follows from these calculations that the quantity of Cd in conventional CIGS-on-glass solar panels is not the limiting factor for CIGS penetration into the EU PV market. The authors speculate that the limitation is probably related to the perception of Cd rather than the actual amount present. Perhaps, a 50% or 90% reduction in Cd would have a significant benefit to perception without the loss in efficiency that a 100% reduced Cd-free module might experience. The hybrid devices in this study had 50-70% less Cd than the devices with standard CdS, with no loss in performance.
One of the benefits of the CBD process is that PV manufacturing is already set up for it. A manufacturing line could easily switch from CBD CdS to CBD Zn(O,S) with just a change in chemicals and a re-optimization of the recipe. The hybrid buffer layer demonstrated in this work would require additional infrastructure to implement the process in manufacturingspecifically, it would require two CBD steps in the module manufacturing process. The gain in efficiency and the benefit to perception would have to be large enough to justify the installation of an additional tool in the manufacturing line and the change in throughput with an additional step in the process.
V. CONCLUSION
While the characteristics of CIGS with buffer layers of CdS or Zn(O,S) are well established, far less work has been done to explore the combination of these layers into a single solar cell. Devices with a CdS/Zn(O,S) hybrid buffer layer in this investigation achieved performance that was equal or better than devices with a standard CdS buffer layer, and they did so with a 50-70% reduction in Cd.
IQE curves for CdS, Zn(O,S), and CdS/Zn(O,S) hybrid devices demonstrated the beneficial increase in photocurrent with Zn(O,S) in the buffer layer. Although devices with a Zn(O,S)-only buffer layer in this investigation performed only moderately, including a small amount of Cd made the device properties much better, which suggests that Cd makes the p-n junction better. J-V analysis with the standard diode equation revealed that Zn(O,S) devices have a higher diode quality factor, which corresponds with a higher recombination rate. Including a small amount of CdS with Zn(O,S) resulted in a diode quality factor that was improved to the same level as the CdS devices. Through investigation with C-V, it was deduced that devices with a Zn(O,S) buffer layer also suffered from a narrow SCR. By including a thin CdS interlayer between the CIGS and Zn(O,S), the SCR width was increased to (or beyond) that of the CdS devices.
Including a small amount of Cd improves the junction properties of Cd-free CIGS PV, and it is possible to include that small amount of Cd without violating the RoHS of the EU. (Although the RoHS does not currently apply to PV, we consider the case where it does limit the amount of Cd allowed in PV.) Standard CIGS-on-glass modules with CdS are below the 0.01%-by-weight limit of the RoHS, but as module weight continues to decrease with flexible substrates, Cd in CIGS modules will approach or exceed the limit set by the EU unless adjustments are made to the CdS buffer layer. Replacing part or all of the CdS with Zn(O,S) is one path toward reducing Cd and making a more marketable product.
Future work on this hybrid buffer layer should include more in-depth electrical and optical analyses of the junctionspecifically, scanning Kelvin probe force microscopy potential profiling across the junction, band-offset deduced from X-ray photoelectron spectroscopy, and device physics modeling to understand charge transport in the device. It would also be particularly interesting to compare this CBD hybrid structure with a similar-composition hybrid structure deposited by sputtering because the dry process of sputtering is more transferrable to industry than the wet process of CBD.
